The signal-induced proliferation-associated family of proteins comprises four members, SIPA1 and SIPA1L1-3. Mutations of the human SIPA1L3 gene result in congenital cataracts. In Xenopus, loss of Sipa1l3 function led to a severe eye phenotype that was distinguished by smaller eyes and lenses including lens fiber cell maturation defects. We found a direct interaction between Sipa1l3 and Epha4, building a functional platform for proper ocular development. Epha4 deficiency phenocopied loss of Sipa1l3 and rescue experiments demonstrated that Epha4 acts upstream of Sipa1l3 during eye development, with both Sipa1l3 and Epha4 required for early eye specification. The ocular phenotype, upon loss of either Epha4 or Sipa1l3, was partially mediated by rax. We demonstrate that canonical Wnt signaling is inhibited downstream of Epha4 and Sipa1l3 during normal eye development. Depletion of either Sipa1l3 or Epha4 resulted in an upregulation of axin2 expression, a direct Wnt/β-catenin target gene. In line with this, Sipa1l3 or Epha4 depletion could be rescued by blocking Wnt/β-catenin or activating non-canonical Wnt signaling. We therefore conclude that this pathomechanism prevents proper eye development and maturation of lens fiber cells, resulting in congenital cataracts.
INTRODUCTION
The most common cause of blindness worldwide is a congenital or acquired cataract characterized by non-transparent opaque lenses (Churchill and Graw, 2011) . On a molecular and cellular level, a congenital cataract can be caused by the loss of expression of lensspecific proteins such as crystallins, the presence of light-scattering organelles (i.e. nucleus, ER, mitochondria), disturbed cell adhesion or disorganized cytoskeleton. There are specific gene mutations known to cause congenital cataracts (Gupta et al., 2014) , such as mutations in the Ephrin receptor tyrosine kinase, EPH receptor A2 (EPHA2), and its ligand Ephrin A5 (EFNA5). Both play a crucial role in lens development and Epha2 or Efna5 knockout mice develop cataracts (Shi et al., 2012; Jun et al., 2009; Cooper et al., 2008) .
The mature lens consists of five major regions: (1) the lens epithelium that is located at the anterior pole of the lens, (2) the germinative zone where epithelial cells proliferate, (3) the lens equator where epithelial cells migrate, (4) the transition zone where lens fiber cells (LFCs) undergo cell cycle arrest and differentiation and (5) the lens center where the mature LFCs form the bulk of the lens. The lens epithelium serves as a stem cell niche for LFCs. Main features of mature LFCs are their elongated shape, the expression of transparent proteins, the crystallins, and the lack of organelles. An elastic lens capsule containing collagen surrounds the lens (Lovicu and McAvoy, 2005; Lovicu et al., 2011; Martinez and de Iongh, 2010; Wederell and de Iongh, 2006; Wride, 2011) .
Development of the lens is tightly linked to normal eye development. The vertebrate eye arises as an optic vesicle from the neural tube and evaginates towards the overlaying ectoderm, in which it induces the lens placode. As development proceeds, the distal part of the eye vesicle invaginates and forms the bi-layered optic cup including the thinner outer retinal pigmented epithelium (RPE) and the thicker neural retina. Simultaneously, the lens placode invaginates, forming the lens vesicle. At the posterior side of the lens vesicle, cells begin to elongate towards the anterior side and start to express transparent proteins such as CRYAA, CRYAB and CRYG.
Recently, the SIPA1L3 gene has also been associated with congenital human cataracts (Evers et al., 2015; Greenlees et al., 2015) . SIPA1L3 is a member of the signal-induced proliferationassociated [SIPA, also known as the spine-associated rap-gap (SPAR)] proteins. In rodents, this protein family comprises four members, Sipa (or Spa1), Sipa1l1 (or Spar1), Sipa1l2 (or Spar2) and Sipa1l3 (or Spar3) (Spilker and Kreutz, 2010) . All Sipa family members share common domains, namely an N-terminal RapGAP domain (Rap-GTPase activating domain), a PDZ domain and a Cterminal coiled-coil domain that was found to harbor a leucine zipper (Wendholt et al., 2006) . So far, Sipa1l1-3 have been analyzed mainly with respect to their synaptic function in the central nervous system (Dolnik et al., 2016; Pak et al., 2001; Spilker et al., 2008) .
Interestingly, Sipa1l1 was found to interact with the Ephrin receptor family member Epha4 via its PDZ domain. This interaction promotes phosphorylation of Sipa1l1 and an inactivation of the small GTPases Rap1 and Rap2 (Richter et al., 2007) . Ephrin receptor tyrosine kinases are generally involved in cell recognition, adhesion, axonal pathfinding, growth cone mobility and/or morphology and cataract formation (Huot, 2004; Pasquale, 2005) .
Besides its expression in the rodent brain, Sipa1l3 is also localized in the developing eye in humans, mice, frog and zebrafish, especially within the lens (Evers et al., 2015; Greenlees et al., 2015; Lachke et al., 2012; Rothe et al., 2016) . In 2015, two groups independently showed that mutations of the human SIPA1L3 gene are related to congenital cataracts. Some of the patients with homozygous or heterozygous mutations within SIPA1L3 also showed microphthalmia (smaller eyes) and anterior segment dysgenesis (Evers et al., 2015; Greenlees et al., 2015) . In cell culture as well as in a mouse model, loss of Sipa1l3 interferes with cell polarity and cytoskeletal organization. This implies that loss of Sipa1l3 might contribute to cataract formation (Greenlees et al., 2015) . However, the signaling cascades affected after Sipa1l3 depletion have not been identified so far.
In the search for a pathomechanism, we focused on molecular pathways involving Sipa1l3 during ocular development. As congenital cataracts and the microphthalmia phenotype must be caused by alterations that occur during early embryogenesis, we chose to carry out our studies in Xenopus laevis, a model that allows for easy examination of early embryogenesis. We showed that downregulation of Sipa1l3 in the Xenopus developing eye closely phenocopied the developmental defects of the eye, and especially the lens defects, that have been observed by others in mouse and zebrafish (Greenlees et al., 2015) . Intriguingly, we identified a molecular and functional interaction between Sipa1l3 and Epha4 in vivo. Accordingly, Epha4 depletion resulted in an ocular phenotype that was similar to the loss of Sipa1l3. Furthermore, synergy and rescue experiments showed that Sipa1l3 acts downstream of Epha4. Additionally, both Sipa1l3 and Epha4 are required for eye specification and the eye phenotype upon Epha4 or Sipa1l3 deficiency is partially mediated by the important early eye development transcription factor rax. In addition, the Sipa1l3/ Epha4 interaction is required to balance canonical and noncanonical Wnt signaling to regulate ocular development.
RESULTS

Sipa1l3 depletion causes ocular defects in Xenopus laevis
To analyze the molecular function of Sipa1l3 during vertebrate ocular development, we investigated Sipa1l3 in Xenopus. First, we determined the spatiotemporal expression pattern of sipa1l3 using an antisense RNA probe. As we have shown previously (Rothe et al., 2016) and as observed in mouse and zebrafish (Greenlees et al., 2015; Lachke et al., 2012) , sipa1l3 transcripts were clearly detectable in the developing Xenopus eye including the early anterior neural plate where the eye field is localized (Fig. 1A , upper row, white arrowheads). In transverse sections of stained late tailbud embryos, sipa1l3 is strongly expressed in the retina (Fig. 1B , upper row, black arrowhead) and lens epithelium (Fig. 1B, upper row, red arrowhead) .
We further examined the role of Sipa1l3 during Xenopus eye development using the powerful antisense morpholino oligonucleotide (MO)-based knockdown approach. This approach does not induce genetic compensation as often observed when working with deleterious mutations (Blum et al., 2015; Rossi et al., 2015) . To test the efficiency of Sipa1l3 MO, we cloned the Sipa1l3 MO-binding site (bs) in frame with and in front of GFP (Fig. S1A) . Injection of the sipa1l3 MO-bs GFP together with the control MO resulted in GFP translation whereas the co-injection of the sipa1l3 MO-bs GFP with the Sipa1l3 MO efficiently blocked GFP translation in a MO dose dependent manner (Fig. S1B) . Additionally, endogenous Sipa1l3 protein was reduced upon Sipa1l3 MO injection as shown by western blot (Fig. S1C ).
To interfere with Sipa1l3 function during Xenopus eye development, we injected the Sipa1l3 MO unilaterally into the presumptive anterior neural tissue. As in all future experiments, 500 pg GFP RNA was co-injected to ensure injection was successful. Sipa1l3-deficient Xenopus embryos exhibited abnormalities during eye development, whereas wild-type embryos and embryos injected with control MO showed normally developed eyes ( Fig. 2A,B) . Sipa1l3 morphant embryos displayed significantly smaller eyes ( Fig. 2A , white arrowheads; C,D) and lenses (Fig. 2E,F) as well as deformed eye structures including a reduced RPE ( Fig. 2A , red arrowheads). As sipa1l3 is specifically expressed in the retina (Fig. 1A) and vibratome sections of Sipa1l3-depleted embryos indicated a disturbed retinal lamination ( Fig. 2A, red arrowheads) , we analyzed the lamination in more detail by staining for retinal cell type-specific markers (Cizelsky et al., 2013) . All retinal cell types (photoreceptor, bipolar, ganglion and amacrine cells) were generated but the retinal layers were disorganized as photoreceptor cells were displaced in the inner retinal layers, forming rosette-like structures (Fig. S2A , red arrowheads). qPCR experiments (Fig. S2B) confirmed the induction of all cell types but indicated a mild shift in cellular fate from photoreceptor cells to the other analyzed retinal cell types.
We also examined the maturation of the lens fiber cells (LFCs) on a molecular and cellular level. For an examination on the molecular level, we stained Sipa1l3-depleted embryos for celf1, a specific marker for mature LFCs, and cryba1, a specific marker for the epithelial stem cell layer (Day and Beck, 2011) and prepared tissue sections. This analysis confirmed the reduction in lens size upon Sipa1l3 loss-of-function (LOF) and furthermore showed that neither celf1 nor cryba1 were downregulated (Fig. 2G, black arrowheads) . qPCR data strengthened these observations. Whereas cryba1 was not affected upon Sipa1l3 depletion, celf1 was found to be upregulated in qPCR approaches (Fig. S3) . The upregulation of celf1 might be explained by a compensatory mechanism in response to the lens size reduction.
For an analysis on a cellular level, we performed DAPI staining on cryosections, which revealed an accumulation of light-scattering (B) Quantification of data in A reveals an abnormal eye phenotype in a dosedependent manner upon Sipa1l3 deficiency (dark gray columns). The Sipa1l3 MO phenotype was rescued by co-injecting a full-length rat sipa1l3 RNA (black column) but not a mutated rat sipa1l3 R1491* RNA (red column). The sipa1l3 R1491* construct reflects the nonsense point mutations identified in human patients (Evers et al., 2015) . ( (H) DAPI staining on cryosections revealed nuclei in the lens center upon loss of Sipa1l3 (injected side, white arrowhead) whereas the uninjected side shows no nuclei in the lens center. The dotted line indicates the lenses. Scale bar: 50 µm. RPE, retinal pigmented epithelium; N, number of analyzed embryos in total; n, number of independent experiments; ng, nanogram. Error bars indicate standard error of the means (s.e.m.); *P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001. P-values were calculated by a nonparametric, one-tailed Mann-Whitney rank sum test.
nuclei in all regions of Sipa1l3-deficient lenses (Fig. 2H ). These data indicate that the maturation of the lens is disturbed upon Sipa1l3 depletion, mainly due to cellular defects.
Furthermore, the Sipa1l3 MO-induced microphthalmia phenotype could be rescued by co-injection of Sipa1l3 MO with a full-length rat Sipa1l3 RNA ( Fig. 2B-D) , which validates the specificity of the Sipa1l3 MO-induced eye phenotypes. Importantly, injection of Sipa1l3 MO together with a mutated rat Sipa1l3 R1491* RNA (nonsense point mutation found in human patients; Evers et al., 2015) did not lead to a rescue of the observed phenotype ( Fig. 2B-D ).
Sipa1l3 interacts with Epha4
Ephrin signaling is one of the major pathways that determine ocular development (Cheng et al., 2013; Cooper et al., 2008) . Since an interaction of the Sipa1l1 PDZ domain with Epha4 has already been reported (Richter et al., 2007) , we analyzed the interaction of Sipa1l3 and Epha4. To this end, we overexpressed various Sipa1l3 constructs that encoded different sets of protein interaction domains in Cos7 cells and incubated those with the P2 fraction of mouse brain homogenate. We found that Epha4 protein interacted with the full-length Sipa1l3 and confirmed the known interaction with the PDZ domain (Fig. 3A) . To substantiate these data, we co-expressed a Myc-tagged Sipa1l3 PDZ domain and the C-terminal end of Epha4 as a GFP fusion protein, and immunoprecipitated this molecular complex with GFP beads. Subsequently, we confirmed the interaction of these domains by western blotting (Fig. 3B,C) . Finally, we investigated the localization of both the PDZ domain of Sipa1l3 and the C-terminal end of Epha4 after co-transfection in Cos7 cells. The overexpressed proteins co-localized and formed large clusters within the cell soma (Fig. 3D) . Furthermore, immunostaining of the Myc epitope revealed a clear colocalization of the Myc and GFP signals (Fig. 3D) .
Loss of Epha4 receptor phenocopies loss of Sipa1l3 in Xenopus
Considering that Sipa1l3 interacts with the Epha4 receptor in vitro, we examined whether this interaction is of relevance in vivo. We started out by acquiring the expression profile of epha4 in Xenopus. Whole-mount in situ hybridization (WMISH) analysis revealed a strong expression of epha4 in the developing eye, including in the anterior neural field (Fig. 1A , lower row, white arrowheads), the retina (Fig. 1B, lower row, black arrowhead) and lens (Fig. 1B , lower row, red arrowhead). This expression pattern is similar to the expression profile of sipa1l3 (compare with upper rows). By double WMISH, we further confirmed that epha4 expression is localized at the border of the early eye field positive for rax, a transcription factor important for early eye development (Bailey et al., 2004) (Fig. S4) .
Additionally, knockdown experiments of Epha4 using a functional Epha4 MO (Fig. S1D ,E) resulted in similar eye defects as observed upon loss of Sipa1l3. Epha4 morphant embryos showed abnormal eyes (Fig. 4A ,B) including a microphthalmia phenotype (Fig. 4A , white arrowheads; C,D), often accompanied by deformed eye structures (Fig. 4A , red arrowheads). In contrast, the uninjected control side, wild-types and control MO-injected embryos exhibited normal eye structures. Comparable with Sipa1l3-deficient embryos, loss of Epha4 resulted in disturbed retinal lamination and a mild fate shift of retinal cells as shown by WMISH and qPCR experiments (Fig. S2) . Rescue experiments by co-injection of the Epha4 MO together with chicken epha4 RNA that is not inhibited by the Epha4 MO (Fig. S1D,E ) validated the specificity of the Epha4 MO-induced eye phenotype (Fig. 4B-D) .
Furthermore, depletion of Epha4 led to a significant reduction in lens size (Fig. 4E,F) . Sections of Xenopus embryos and qPCR showed expression of celf1 and cryba1 upon Epha4 depletion was similar to Sipa1l3 LOF (Fig. 4G, black arrowheads; Fig. S3 ). Additionally, we noticed an accumulation of nuclei in Epha4-deficient lenses, similar to what we observed after Sipa1l3 depletion (Fig. 4H ).
Epha4 is upstream of Sipa1l3 during Xenopus eye development
To investigate whether the interaction between Sipa1l3 and Epha4 is of functional relevance in vivo, we injected a low dose of both MOs either alone or in combination. Intriguingly, low dose injections of Sipa1l3 or Epha4 MO led to a mild eye phenotype in a few embryos. Injection of both MOs in combination, however, led to a severe eye phenotype in a more than additive manner (Fig. 5A,B) . This finding indicates a synergistic activity of both proteins and suggests that both proteins functionally act in the same signaling pathway.
As Epha4 is located at the cell membrane and Sipa1l3 is located in the cytoplasm close to the cell membrane (Dolnik et al., 2016) , we hypothesized Epha4 to be functionally upstream of Sipa1l3. We performed rescue experiments by injecting the Epha4 MO together with rat sipa1l3 RNA and observed a significant reduction in the number of embryos exhibiting eye abnormalities including the microphthalmia phenotype ( Fig. 5C-E) . The observed restoration of the eye by sipa1l3 RNA in Epha4 morphants strengthens the conjecture that Epha4 acts upstream of Sipa1l3.
Loss of Sipa1l3 and Epha4 function influence early eye development
To examine the molecular basis of the microphthalmia phenotype upon Sipa1l3 or Epha4 knockdown, we analyzed how their depletion affects eye field induction (stage 13) and differentiation of eye-specific cells (stage 23). The unilateral injection of Sipa1l3 or Epha4 MO led to a strong reduction of the eye-specific markers rax and pax6 at stage 13 and 23 (Fig. 6A-H) . In contrast, control MO injections had no effect on eye markers. The pan-neural marker gene sox3, however, was not affected at stage 13 upon Sipa1l3 or Epha4 depletion, indicating a specific role for Sipa1l3 or Epha4 in the regulation of eye specification.
To investigate whether the ocular phenotype upon Sipa1l3 or Epha4 LOF is mediated through the downregulation of rax, we performed rescue experiments using rax RNA (Giannaccini et al., 2013) . These experiments indeed showed that rax overexpression partially but significantly rescued the eye phenotype induced by knocking down Sipa1l3 or Epha4 (Fig. 6I-N) . These results indicate that the microphthalmia ocular phenotype upon Epha4 and/or Sipa1l3 LOF is mediated at least in part through the downregulation of rax. Note that the injection of higher rax RNA doses induces ectopic RPE patches (Mathers et al., 1997) .
One potential cause for the microphthalmia phenotype could be increased cell apoptosis. Thus, we performed TUNEL stainings in Sipa1l3-depleted whole embryos at stage 23 when marker genes are already reduced. These data revealed a significant increase in TUNEL-positive cells compared with control MO-injected embryos (Fig. S5) , implicating cell apoptosis in the microphthalmia phenotype.
Interaction of Epha4 and Sipa1l3 causes proper eye development through β-catenin-independent Wnt signaling In studies previously published by others, it has been shown that overexpression of β-catenin in LFCs results in an inhibition of LFC differentiation and cataract formation (Antosova et al., 2013; Shaham et al., 2009 ) that is similar to the Sipa1l3 LOF phenotype in the mouse (Greenlees et al., 2015) . Gain of β-catenin function in the lens also leads to microphthalmia (Martinez et al., 2009) comparable to the loss of Sipa1l3 phenotype ( Fig. 2C,D ; Greenlees et al., 2015) . Additionally, Sipa1l1 has been linked to Wnt/β-catenin signaling (Tsai et al., 2007) . Therefore, we hypothesized that Sipa1l3 depletion leads to an upregulation of β-catenin during ocular development. Since it is well known that stabilization of β-catenin is involved in the upregulation of target gene expression by activating the TCF/LEF transcription factor complex in the nucleus (Rao and Kuhl, 2010) , we assumed that downregulation of LEF activity should rescue the Sipa1l3 LOF eye phenotype. We therefore co-injected the Sipa1l3 MO together with a hormoneinducible dominant-negative (dn) LEF construct in Xenopus embryos. Expression of dnLEF was induced at stage 15 using dexamethasone. Intriguingly, inhibition of LEF significantly restored the Sipa1l3 MO-induced eye phenotype at stage 42 and eye marker gene expression at stage 23 ( Fig. 7A-E) . These results were supported by the finding that downregulation of either Sipa1l3 or Epha4 led to an upregulation of axin2 expression, a well-known direct target gene of Wnt/β-catenin signaling (Jho et al., 2002) , in neuralized animal cap cells at stage 13 (Fig. 7F) .
Moreover, in a bimolecular-fluorescence (split YFP) complementation assay, we observed an interaction between the PDZ domain of Sipa1l3 and Dishevelled (Dsh, also known as Dvl), further supporting our hypothesis that Sipa1l3 is involved in Wnt signaling (Fig. 7G) . It was recently demonstrated that the EphrinB1 receptor is involved in β-catenin-independent Wnt signaling during eye development (Lee et al., 2006) . To test whether Epha4 and Sipa1l3 are also integrated into non-canoncial Wnt signaling, we made use of a well-described dsh deletion construct, dshΔdix, that promotes β-catenin-independent Wnt signaling branches. Indeed, we found that the eye phenotype upon Sipa1l3 or Epha4 LOF could be significantly rescued by co-injecting dshΔdix RNA ( Fig. 7H-M ).
Taken together, we conclude that under normal physiological conditions the interaction between Sipa1l3 and Epha4 leads to the inhibition of Wnt/β-catenin signaling, accompanied by the activation of non-canonical Wnt signaling (Fig. 7N) . In contrast, Sipa1l3 knockdown results in the stabilization of β-catenin that causes eye defects due to LEF activation and transcription of axin2 (Fig. 7O ).
DISCUSSION
Using Xenopus as model system, we further elucidated the molecular mechanisms that explain, at least in part, the cataract and microphthalmia phenotypes observed upon loss or mutation of the Sipa1l3 gene in mice and humans. By rescue experiments, we showed the causative pathogenic relevance of Sipa1l3 LOF mutations observed in human patients and demonstrated that the interaction between Sipa1l3 and Epha4 is required for balancing canonical and non-canonical Wnt signaling during ocular development.
Sipa1l3 is required for ocular development
Besides its expression in neurons of the brain, Sipa1l3 is highly expressed in the mouse (Lachke et al., 2012) , frog (this study and Rothe et al., 2016) and zebrafish (Greenlees et al., 2015) eye including in the retina and lens. Expression of the classically neuronal Sipa1l3 in lens tissue is not surprising considering the common origin of the retina and the lens in the ectoderm of the early embryo. Studies have shown that many genes originally designated to be neuron-specific, such as synaptophysin or neuronal miRNA-124, are also expressed in the lens. Moreover, many cellular characteristics and mechanisms such as cellular structure and vesicle transport are quite comparable in neurons and LFCs (Frederikse et al., 2012) .
To substantiate findings in the mouse that have been published by others and to analyze the underlying mechanism of the eye phenotype, we employed Xenopus as our model system. In a previous study, we confirmed the genomic conservation of the sipa1l3 gene across species (Dolnik et al., 2016) . Here, we showed a similar expression and function of Sipa1l3 in Xenopus compared with mouse and zebrafish (Greenlees et al., 2015; Lachke et al., 2012; Rothe et al., 2016) . Consistent with the mouse model and human patients (Evers et al., 2015; Greenlees et al., 2015) , eye and lens sizes were significantly reduced in Sipa1l3-deficient Xenopus embryos. Whereas the expression intensity of cryaa remained relatively normal in Sipa1l3-deficient embryos, the LFCs in the lens center still contained light-scattering nuclei, which provides an explanation for the cataract phenotype observed in human patients and the mouse model (Evers et al., 2015; Greenlees et al., 2015) . We showed that loss of Sipa1l3 results in disturbed lens maturation. These findings are consistent with the observations by Greenlees et al. (2015) who showed an abnormal cell organization upon Sipa1l3 knock down.
By rescue experiments, we demonstrated that the rat sipa1l3 R1491* RNA, which reflects the nonsense point mutation found in human patients with microphthalmia and congenital cataracts (Evers et al., 2015) , does not restore the Sipa1l3 LOF eye phenotypes. This observation confirms the hypothesis put forward by Evers et al., (2015) who proposed that Sipa1l3 mutations are the underlying cause of the eye phenotype in human patients. As the missense point mutation (D148Y) had already been shown to be effective in cell culture experiments (Greenlees et al., 2015) , we deemed it unnecessary to perform rescue experiments with that construct.
Possibilities for the microphthalmia phenotype upon Sipa1l3 suppression in human, mouse, frog and zebrafish could be a disturbed induction of the early neural plate and/or eye field, defects during eye-specific cell differentiation or increased cell apoptosis. To investigate these aspects, we used Xenopus embryos and analyzed marker gene expression at different stages. We observed defects as early as eye field induction as the eye-specific marker genes pax6 and rax were strongly reduced upon loss of Sipa1l3. The pan-neural marker gene sox3 was not reduced, showing the specific interference with eye-specific markers. As described by others, loss of pax6 or rax leads to severe defects during eye development including microphthalmia (Bailey et al., 2004; Zuber et al., 2003) . Moreover, we could show that rax overexpression results in a restoration of the ocular phenotype upon Sipa1l3 or Epha4 depletion, indicating that Sipa1l3 and Epha4 act via Rax during eye development. In addition, we are the first to report an increase in apoptosis upon Sipa1l3 depletion, which implicates apoptosis as one of the underlying causes for microphthalmia.
Sipa1l3 and Ephrin signaling
Given that Sipa1l1 interacts with Epha4 (Richter et al., 2007) and mutations in EphA2 as well as EfnA5 lead to cataracts (Cooper et al., 2008; Son et al., 2013) , we investigated a possible interaction between Sipa1l3 and Epha4. Indeed, we showed that Sipa1l3 and Epha4 physically interact and propose a functional interplay of both proteins during ocular development. Accordingly, the expression pattern of sipa1l3 and epha4 in the Xenopus developing eye overlap to a considerable degree. Additionally, Epha4 downregulation resulted in an eye phenotype identical to that observed upon Sipa1l3 depletion. Synergy and rescue experiments showed that both molecules are indeed part of one signaling pathway during ocular development, with Epha4 acting upstream of Sipa1l3.
Despite the fact that both receptors (Epha2 and Epha4) are highly expressed in mouse lenses, cataract formation has only been described in Epha2 knockout mice so far. It might well be that the lens phenotype in Epha4 knockout mice that suffer from severe axonal pathfinding defects (Willi et al., 2012) is only mild and therefore might be overlooked. The retina and optic nerve phenotype has already been studied upon Epha4 downregulation (Helmbacher et al., 2000; Petros et al., 2006) . It is, however, also conceivable that Epha2 compensates the loss of Epha4 in the murine Epha4 knockout lens.
Sipa1l3 and Wnt signaling
We showed that inhibiting LEF rescued the eye phenotype upon loss of Sipa1l3. Additionally, Sipa1l3 or Epha4 deficiency resulted in an upregulation of the direct Wnt/β-catenin target axin2, which is in agreement with a previously published study that shows axin2 overexpression upon Wnt/β-catenin activation in mouse lenses (Antosova et al., 2013) . These observations fit very well to published data showing that cataract formation, smaller lenses and inhibited lens cell differentiation can be induced by β-catenin overexpression (Antosova et al., 2013; Shaham et al., 2009; Martinez et al., 2009) . Note that overexpression of β-catenin in LFCs alone is sufficient to induce cataract formation (Antosova et al., 2013) . Gain of β-catenin function in the central ocular ectoderm suppresses lens formation (Smith et al., 2005) , which is in line with the smaller lenses found in our morphants. Thus, we propose that during normal ocular development, Epha4 and Sipa1l3 are required to inhibit Wnt/β-catenin signaling (Fig. 7N) (Fang et al., 2013) . Moreover, we demonstrated that the Epha4 or Sipa1l3 MO eye phenotype can be rescued by activating non-canonical Wnt signaling. These findings suggest that Epha4 and Sipa1l3 positively regulate non-canonical Wnt signaling activity (Fig. 7N) . This is in accordance with Greenlees et al. (2015) who showed that aPKC, a known mediator of non-canonical Wnt signaling, becomes ectopically localized in Sipa1l3-deficient Caco2 cells. Moreover, it is noteworthy to mention that non-canonical Wnt signaling antagonizes canonical Wnt signaling (Nemeth et al., 2007; Yuan et al., 2011) . Whether Epha4 or Sipa1l3 inhibit β-catenin directly or indirectly via activating non-canonical Wnt activity has to be elucidated in the future.
MATERIALS AND METHODS
Xenopus laevis embryos
Xenopus embryos were obtained and cultured according to standard protocols (Sive et al., 2000) and staged as described (Nieuwkoop and Faber, 1956) . Xenopus experiments were done in agreement with the German law and registered at the Regierungspräsidium Tuebingen.
Cloning
The open reading frame of rat Sipa1l3 (Dolnik et al., 2016) or chicken Epha4 was cloned into pCS2 + vector using SalI or EcoRI (NEB). The point mutation at amino acid (aa) position 1491 (C>T; Sipa1l3_R1491*) was integrated, leading to a stop codon similar to that of human patients. To perform WMISH, the ORFs of an 893 bp (sipa1l3) and a 1.152 bp (epha4) fragment were cloned using cDNA isolated from Xenopus embryos of stages 25/37. Amplified DNA was ligated into the pSC-B vector (Agilent Technologies). For the YFP assay, the PDZ domain of rat Sipa1l3 (Sipa1l3-PDZ) and Xenopus Dsh (Yang-Snyder et al., 1996) were cloned in-frame into pVen1 or pVen2 vectors (Stöhr et al., 2006) using either EcoRI or SalI (New England Biolabs). Sipa1l3 was fused to the N-terminal part of YFP (Ven1), whereas Dsh was fused to the N-terminal part of YFP (Ven2). For all amplifications, the proofreading Phusion DNA polymerase (Thermo Scientific, Waltham, MA, USA) was used. Clonings were confirmed by sequencing. For cloning primers see Table S1 .
Biochemical and co-localization studies in Cos7 cells
Transfection and overexpression of different expression constructs GFPSipa1l3 full length, Myc-Sipa1l3PDZ, GFP-Sipa1l3_C-term-ΔCC and GFPEpha4C-term was performed in Cos7 cells as previously described with minor modifications. PolyFect ® (Qiagen) was used as transfection reagent according to the manufacturer's instructions. For biochemical experiments, extraction of proteins was performed using Triton X-100 lysis buffer (Miltenyi Biotech) at 4°C for 2 h with continuous shaking. Immunoprecipitation was performed using either anti-GFP or antiMyc micro beads (Miltenyi Biotech) according to the manufacturers' instructions. For pulldown of endogenous Epha4, P2 fractions were obtained from adult mouse brain as previously described (Distler et al., 2014) . Western blotting or immunohistochemistry was performed using standard protocols. Primary antibodies used were anti-Epha4 (1:1000; Invitrogen, 37-1600), anti-GFP (1:3000; BD Bioscience, 565197) and antiMyc (1:3000; Roche, 11 667 149 001 and 11 667 203 001).
Morpholino oligonucleotides (MO) and RNA microinjections
MOs were purchased from Gene Tools, Philomath, OR, USA. MO sequences were Sipa1l3 MO: 5′-TCTGGTAAGATCTGAAACTTGTCA-T-3′; Epha4 MO: 5′-AGATGCCATGTACAATCCCAGCCAT-3′; control MO: 5′-CCTCTTACCTCAGTTACAATTTATA-3′. To test the efficiency of the Sipa1l3 MO, we injected 30-40 ng MO in total into 2-cell-stage embryos, cultured the embryos until stage 15, generated protein extracts and performed western blotting using anti-Sipa1l3 (1:1000; Abcam, ab113657) and anti-β tubulin isotype I and II (1:1000; Sigma, T8535) antibodies. To examine the binding efficiency of both MOs in vivo, the Sipa1l3 MO or Epha4 MO binding site (bs) were cloned in front of and in frame with GFP; see Table S1 for primers. Two-cell-stage embryos were injected with 1 ng sipa1l3/epha4 MO-bs GFP RNA, together with either 10 ng control MO or 0.1 ng, 0.5 ng or 1 ng Sipa1l3 and/or Epha4 MO, cultured until stage 26 and monitored under a fluorescence microscope (Olympus, M-VX, U-RFL-T, Japan). An Epha4 MO-bs mutant fusion construct was cloned and 1 ng epha4 MO-bs mutant RNA was co-injected with 10 ng Epha4 MO. To perform LOF experiments, we injected either 30 ng control MO, Sipa1l3 or Epha4 MO unilaterally into one animal-dorsal blastomere at the 8-cell stage to target anterior neural tissue. As lineage tracer, 0.5 ng GFP mRNA was co-injected (Schmeisser et al., 2013) . Proper injection was confirmed at stages 13-20 using a fluorescence microscope. For rescue experiments, 30 or 50 ng Sipa1l3 or 30 ng Epha4 MO were coinjected with the corresponding RNA in following amounts: 0.1-0.24 ng rat sipa1l3 RNA, 0.24 ng rat sipa1l3_R1491* RNA, 0.1-0.5 ng chicken epha4 RNA, 0.1 ng Xenopus dnLEF RNA, 0.1-0.5 ng Xenopus dshΔdix RNA (Miller et al., 1999) and 0.1-0.25 ng Xenopus rax RNA (Giannaccini et al., 2013) . The hormone-inducible dnLEF construct (Deroo et al., 2004) was induced with 10 µM dexamethasone from stage 15 on. For synergy experiments, 10 ng Sipa1l3 and 20 ng Epha4 MO were unilaterally injected alone or in combination.
Eye and lens area measurement MO injected and uninjected embryo sides were imaged using a SZX12 Olympus microscope at 16× magnification. ImageJ64/FIJI (NIH) was used for area calculations. Injected sides of individual embryos (LOF and rescue experiments) were calculated and compared with the uninjected side as well as with control MO injected embryos.
Whole-mount in situ hybridization (WMISH)
Digoxygenin-labeled antisense RNA probes were generated by in vitro transcription using T7 or T3 RNA polymerase (Roche). WMISH was performed according to established protocols (Hemmati-Brivanlou et al., 1990) . Vibratome sections were performed as described (Gessert and Kühl, 2009 ).
Quantitative real-time polymerase chain reaction (qPCR)
For dissection of animal caps (ACs), two-cell-stage Xenopus embryos were bilaterally injected into the animal pole with either 50 ng control, Sipa1l3 MO or 30 ng Epha4 MO per cell. 600 pg noggin RNA per cell was co-injected to neuralize ACs. As lineage tracer, 500 pg GFP RNA was co-injected. At developmental stage 8.5-9, AC explants of 0.3×0.3 mm were dissected and cultured in 1× MBSH [10 mM HEPES, 88 mM NaCl, 1 mM KCl, 0.33 mM Ca(NO 3 ) 2 × (H 2 O) 4 , 0.41 mM CaCl 2 × (H 2 O) 4 , 0.82 mM MgSO 4 × (H 2 O)7, 2.4 mM NaHCO 3 ]/50 U/ml penicillin/0.05 mg/ml streptomycin at 12.5°C. A total of 10-16 ACs per approach were fixed at −80°C. To analyze gene expression in isolated Xenopus eyes, stage 42 embryo eyes injected with 15-20 Sipa1l3 MO, Epha4 MO or control MO, and matching uninjected eyes were isolated and fixed at −80°C. cDNA of ACs or isolated eyes diluted 1:10 was used to perform qPCR with a corresponding reverse transcriptase control. Gene expression levels were assessed using QuantiTect SYBR Green PCR Kit (Fermentas) on a Roche LightCycler 1.5 according to manufacturer's instructions. gapdh was used for normalization. For primer and PCR details see Table S2 . qPCR calculations were performed using the ΔΔCP method (Livak and Schmittgen, 2001) . In ACs, the ratio of the relative axin2 expression was calculated for Sipa1l3 MO or Epha4 MO and compared with control MO. For stage 42 eyes, relative gene expression was calculated by comparing the injected to the uninjected side of each approach. In all qPCR experiments, gapdh was used for normalization.
TdT-mediated dUTP-biotin nick end labeling (TUNEL) staining TUNEL staining was performed according to standard protocols (Gessert et al., 2007) . TUNEL-positive cells were counted in defined areas at both sides of individual embryos.
Cryosectioning
Embryos were fixed in 1× PBS/4%PFA for 1 h at room temperature and equilibrated and cryo-sectioned as described (Fagotto, 1999) . Sectioning was performed at a thickness of 10 µm using a Leica Frigocut 2800N cryostat microtome.
Split YFP complementation assay
To analyze the interaction between Sipa1l3-PDZ and Dsh in vivo, a split YFP (yellow fluorescent protein) complementation assay was performed in HEK293T cells . For negative controls, the unrelated Xenopus Pes1 and murine CapZa were used.
Statistics
P-values were calculated by a nonparametric, one-tailed Mann-Whitney rank sum test using GraphPad Prism 6 software. Statistical significance is indicated as: *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001.
